We investigated the influence of loading two different types of organoclay on the linear viscoelastic properties of an uncured epoxy nanocomposite coating. Meanwhile, the effect of sonication in the dispersion process on the characteristics of nanocomposite has been studied. To achieve fully dispersed structures of clay-epoxy, we applied high shear mixing and high-intensity ultrasound during the synthesis of clay-epoxy nanocomposites.The flow properties of the compositions with clay loadings more than 4 wt% of low CEC quaternary ammonium modified clay, as analyzed by rheomechanical spectroscopy (RMS), showed a solid-like behavior. While the neat resin system exhibited Newtonian flow, some nanodispersed coatings exhibited pseudo plastic flow behavior, typical of polymeric fluids such as gels and pastes. With varying the type of the clay the resultant coatings exhibited a storage modulus ranging from 0.01 to over 400 Pa and a loss modulus ranging from 4 to over 200 Pa. Moreover, the complex viscosity was ranging from 12 to 1100 Pas as the clay loading increased from 0 to 8wt %. The strong increase in modulus of one type of the clays was due to the mainly intercalated and dispersed silicate platelets. The increase rate in storage modulus of these compositions decreased at higher organoclay loadings and was not linear. These results can lead to the prediction of film formation properties and application conditions of these nanocomposite coatings.
Introduction
The value of rheological science is increasingly being realized in coating technology. One reason is economic: as much as half of the cost of new product development can be consumed in solving rheology-related problems of manufacture or performance. Sagging and leveling are two main rheological phenomenons in the coatings application. Sagging transmits substrate imperfection to the surface and amplifies them. Adequate leveling is obviously of critical importance to the success of protective or decorative coating [1] [2] .
It is often tried to predict the sag behavior of coatings from the viscosity at the relevant shear stress measured in a flow curve. The degree of sagging depends on the rate and degree of viscosity, which increase following the application process. Hence, the importance of determining the rheological behavior of the organoclayfilled coating materials prior to cure reaction will help to optimize the process conditions and the properties of the final coating material [2] .
Polymer-clay nanocomposite coatings have recently gained increasing attention in both academic and commercial research. Therefore, various papers have been published on this subject, and a concise survey has recently been given [3] . It has also been estimated that the market of the coatings based on polymer-clay nanocomposite will exceed 63 million pounds by 2009 [4] .
Layered silicates, consisting of stacked silicate platelets of 1 nm thickness and 200-500 nm in diameter, are usually rendered organophilic through an ion exchange within the clay galleries to enable swelling through the organic monomers or polymers [5] . Dispersion of the organically modified silicate platelets on a nanometer scale has shown improvement in various coating properties such as modulus and stiffness in some cases, barrier properties and flame retardency. Understanding the rheological properties of nanocomposite melts is not only important in gaining a fundamental knowledge of the processibility, but is also helpful in understanding the structure-property relationships in these materials [6] .
The key objective in preparing polymer clay nanocomposites is to achieve exfoliation or delamination of the large stacks of silicate nanoplatelets into single layers or tactoids of a small number of layers. Consequently, in developing and optimizing nanocomposites, one needs to be familiar with the morphology of a particular sample and compare it to other samples, which have been prepared under a similar, but distinctively different set of parameters [7] .
Rheology of the nanocomposites has been discussed in different literature and several papers [8] [9] [10] [11] [12] . Although a relatively new form of polymer filler to improve material performance, layered silicates have been widely used additive for the flow modification of coatings and paints; primarily for inducing thixotropy [5] . In coating technology, intercalated layered silicates are used to control the rheology of aqueous coating systems [13] . Specifically, the existence of a 3D percolating network of hydrodynamically interacting clay tactoids (or platelets) at very low shear and the direct evidence of orientation of the highly asymmetric clay tactoids at high shear have been demonstrated by rheological and in-situ scattering studies [14] [15] . In several publications it has been shown that there is a qualitative relation between the extent of shear thinning and the concentration of organoclay platelets [12, [16] [17] .
We investigated the rheology of the composition of bifunctional epoxy resin with two types of clay with different cation exchange capacities (CEC) and surfactants with various clay loadings. We also investigated two different processing, that of high shear mixing and sonication methods. To our knowledge, there is not yet a publication that discloses an approach to quantify rheological properties in order to compare morphology and nanoscale dispersion of nanocomposite coatings. The main goal is a better understanding of how the processing conditions and the type of the layered silicate influences the flow behavior and viscosity of the resultant nanocompopsite coatings before curing.
Results and discussion

Sedimentation test
There was no settlement when using C30B organoclay in compositions with high shear mixing methods even without sonication (Table 1) . On the other hand, some large I.30E clay particles settled after using high shear mixing method and even after sonication of the compositions. The high shear stirring method did not provide enough shearing force for dispersion of I.30E clays; therefore, an additional step was implemented to achieve a uniform composition (Table 1) .
It can also be concluded that the settlement was a function of organophilicity as well as cation exchange capacity (CEC) of clays. These results showed the better dispersion and better compatibility of C30B clays with epoxy resin as well. These criteria maybe due to the lower CEC of C30B and/or due to the lower affinity of the organic modifier of I.30E to the epoxy resin. 
Tab
Optical microscopy results
The photographs showed an optical microscopy of the compositions containing different types and amounts of clays manufactured by two different methods: I) high shear mixing method, II) high shear mixing plus sonication (Figure 1 ). It also showed that both high shear mixing and sonication processing methods failed to breakdown the primary I.30E clay particles. Even, there was some micro-aggregated structure for different composition consisting of I.30E clays, in spite of the sonication for 2.5 hr. Although the high shear mixing method did not provide enough shearing force for complete breaking of the C30B clays, but it seems that high shear mixing method is more efficient for dispersion of C30B than for I.30E clays. However, the use of sonication method helped to attain the required result. The best results were attained with 6C30BSON and some aggregates were observed in 8C30BSON. It was immediately apparent that optical microscopy could help to predict the dispersion quality for clays in the resin media [18] .
XRD Results
The XRD depicted patterns over the diffraction range 0.5 to 10 degree for the "asreceived" (a) Closite 30B and (b) Nanomer I.30E organoclays ( Figure 2 ). Based on the Braggs law, the d001 of C30B and I.30E clays were 18.02A˚ and 21.66A˚, respectively. These results signified that the opening between the silicates sheets in terms of basal interplanar spacing of two different organomodified MMTs. To achieve fully dispersed structures of clay-epoxy, we applied high shear mixing and high-intensity ultrasound during the synthesis of clay-epoxy nanocomposites.The As shown in Figure 4 , the reflection of peak of 6I.30ESON was 30.52 A˚, whereas the reflection peak indicating d001 for sonicated and unsonicated compositions (containing 6C30BSON and 6C30BUN clay) were 32.57and 28.37 A˚, respectively. The increments of d-spacing of C30B clay in this composition caused by high-shear mixing was 10.35 A˚ and the increments of d-spacing for C30B and I.30E clays caused by high-shear mixing and high intensity ultrasound was 14.55 and 8.86 A˚, respectively.
The results indicate some changes in the d001 basal spacing of the two organophilic clays with sonication. Meanwhile, at all C30B concentrations the unsonicated samples exhibit broader, less intense d001 reflections. The sonication beside hydrophobic nature of the alkyl ammonium treated clays allows the epoxy molecules to migrate between the layers. The alkylammonium ions have been suggested to reorient from their lateral bilayer structure in the dry state to a perpendicular orientation in order to accommodate the prepolymer [24] . Hence, it is thought to optimize the solvation interactions between the alkyl groups and the DGEBA molecules.
The effect of the clay content in XRD patterns have been shown for 3C30BSON, 4C30BSON, 6C30BSON and 8C30BSON compositions ( Figure 5 ), which corresponds to the layer d-spacing of 38.87, 33.04, 32.57and 32.08A respectively.
Even though the changes in d-spacing were relatively small, enlarged results shows somewhat more intercalated structures of C30B compositions. Also it seems that the scattered intensity increased in the compositions until 6 wt% and after that the intensity decreased for 8C30BSON. The high surface energy of the clay attracts polar species such as DGEBA molecules so that they diffuse in between the layers. If no polymerization takes place, the system would reach a thermodynamic equilibrium and the layers could not be separated further. As DGEBA molecules react in the proposed homopolymerization process, they lower their polarity and displace the equilibrium. Therefore, new polar DGEBA molecules are driven between the layers in order to restore equilibrium. As this mechanism proceeds, the organic molecules driven between the layers intercalate the clay. It seems that the sonication increases the deagglomeration of the C30B stacks better than I.30E and, therefore, the intact surface increased and better dispersion occurred. It also seems that the affinity of I.30E clay to the polar species of DGEBPA was very low, and no polymerization took place and suitable separation of I.30E clays was impossible [19] .
Rheological characterization
Rheological characterization of the compositions containing clays was undertaken to corroborate the morphological findings. The complex viscosities (η*) of NR, 3C30BSON, 3C30BUN and 3I.30ESON have been represented in Figure 6 . The NR and 3I.30ESON exhibit nearly Newtonian behavior at all frequencies, whereas the 3C30BUN and specially 3C30BSON compositions exhibited non-Newtonian behavior. In 3I.30ESON, in spite of our expectation, the platelets remained in a stacked formation and did not show the dramatic changes in rheological behavior. Ultrasound imposed C30B clay compositions showed the high viscosity compared with the unsolicited form of that composition. The viscosity increased substantially at low frequencies and the Newtonian plateau disappeared for 3C30BSON. In particular, the rheological behavior of 3C30BSON compositions by sonication processing at low frequency is very different from that of pure epoxy (NR). These behaviors of compositions are characteristic of a pseudo-solid-like response of these materials [11, 20] .
A complex viscosity of 6C30BUN, 6C30BSON and 6I.30ESON has been shown in Figure 7 . With a measurement at room temperature at lower frequencies, sonication process increased the viscosity of high shear mixed C30B containing composition, whereas the addition of I.30E clay even with sonication did not increase the viscosity significantly.
The increase in viscosity of C30B containing compositions was due to the homopolymerization of epoxy, while, the increase in effective clay particle size was due to better separation of clay layers. It seems that the separation of clay layers did not occur in the I.30E filled epoxy resin because of the absence of interlayer expansions [21] . It may be attributed to the formation of weak structures that remain intact at very low frequencies [22] [23] .
1.00E+00
1.00E+01
1.00E+02 Based on Figure 8 , the addition of C30B clay particles continuously increased the viscosity of the compositions. As a matter of fact, increased organoclay concentrations up to 6% led to an increasing trend of shear thinning behavior of the resultant compositions. However, the increment of the viscosity was not in a linear relationship with the increment of C30B clay. The difference between the complex viscosity of 6C30BSON and 8C30BSON was very low, so the 6C30BSON showed a maximum ratio of viscosity to clay content in the sonicated compositions. Relatively high viscosities of 6C30BSON and 8C30BSON in the low frequencies (low shears) will give high resistance to flow during application and allow applying a sufficient thickness of the resultant coating on different substrates.
As expected, the neat epoxy resin exhibits Newtonian like flow, while the C30B clay dispersed systems exhibited like a pseudo plastic flow, which is more typical of polymeric dispersed fluids such as gels and pastes [24] . However, the uncured epoxy compositions still was a low molecular weight prepolymer, thus the observed flow behavior may be due to polymer-clay interactions as well as resistance to flow brought about by the presence of the relatively large, anisotropic silicate layers. It must be noted that the viscosity of nanocomposite coatings determines the processability over a wide range of practical coating applications such as brushing and trawling and / or spraying. The storage and loss modulus for 3C30BSON, 3C30BUN, NR and 3I.30ESON samples subjected to small strain oscillatory shear tests has been shown in Figure 9 [a, b]. At high frequencies the loss and storage modules of 3C30BSON and 3C30BUN are comparable, and both decrease with decrease in the frequency. b a Whereas, at low-frequencies elastic modulus of 3C30BUN is always higher than that of 3I.30ESON. Also for the 3C30BSON at low frequencies, the viscoelastic response (particularly, G') displays significantly diminished frequency dependence as compared to the other compositions, which indicate micro-structural development.
In other words, such behavior was an indication of network formation involving the assembly of individual plates composed of silicate layers in the C30B compositions. At low frequencies, the response of the 3I.30ESON was dominated by the matrix, while at these frequencies the solid-like response of 3C30BSON was strongly influenced by the presence of clay. However, the solid-like behavior of 3C30BSON is due to the physical jamming or percolation of the randomly distributed silicate layers, at a surprisingly low volume fraction, due to their anisotropic nature. The loss modulus and storage modulus of 3C30BSON, 4C30BSON, 6C30BSON and 8C30BSON is shown in Figure10. As expected, the moduli of the nanocomposites increase with increasing clay loading at all frequencies. At high frequencies, the qualitative behavior of G' and G'' is essentially the same. However, at low a b frequencies, G'' increased monotonically with an increase in clay content. On the other hand, at low frequencies, the viscoelastic response (particularly, G') for all sonicated C30B compositions, displayed significantly diminished frequency dependence and solid-like rheological response. In fact, it seems that in all compositions, modulus was affected to some extent by the greater dispersion of the clay in the resin due to the hydrodynamic effects [25] . Moreover, it was found that the compositions containing low clay loadings, showed very low torque readings at low frequencies, while at higher organoclay concentrations a more highly, non-linear viscoelastic response was observed.
The solid-like rheological behavior of nanocomposite coatings at lower frequencies is completely dependent on three main parameters: I) the structure and polarity of the clay whether it is end-tethered or stacked intercalated, II) the amount of clay loading in the compositions and III) the use of ultrasonic in the dispersion process.
Coupling of these rheological observations with the state of dispersion at the nanometric scale indicates that poor resin/organoclay interactions for I.30E clay lead to a weak swelling of montmorillonite galleries and aggregates. For C30B clay, when no shear is applied, the organoclay particles build up a physical gel based on high aspect ratio, strongly interacting, nonswollen particles leading to a high storage modulus. Shearing of these weak gels leads to the suspension of swollen aggregates, which prevents the sagging of these coating materials after their application in vertical surfaces.
Conclusions
Uncured nanocomposite coating compositions containing organoclays and epoxy were prepared by high shear mixing and ultrasonication methods. We compared the effect of the organoclay nanoparticles on the rheology and development of the morphology for these compositions as well. Rheological properties of these coating compositions have a good correlation with sedimentation, optical microscopy, and XRD results, which gave validation for dispersion of clay in the matrix. Full dispersion of organoclay in epoxy resin is related to the CEC of the clay, the mixing method, and degree of the compatibilization between the polymer matrix and the organic chains in the clay. We realized that sonication successfully generates fully dispersed compositions due to the sufficient interaction between resin and organic chains of the interlayer. Flow behavior was observed to change from Newtonian for the neat resin to pseudo plastic for the compatible type orgnoclay-resin nanocomposites. This behavior is attributed to polymer-clay interactions as well as restriction to flow by the large, anisotropic silicate layers. Dynamic rheological tests for compositions containing incompatible organoclay showed very little change from Newtonian flow behavior. Sonicated compositions containing quaternary ammonium modified and low CEC clay give high viscosities in the high shear area and so these materials give high resistance during application. This criteria allows the applying of a sufficient thickness of the coatings in different surfaces without sagging. Also, high storage modulus in these compositions leads to prevention of settlement of particles and good storage stability. Sonicated compositions containing up to 4 wt % of quaternary ammonium modified and low CEC clay give strong pronounced character of flow together with thixotropic behavior which guarantees nice flow and leveling in the coating application. Sonicated compositions containing more than 4 wt % of quaternary ammonium modified and low CEC clay give strong thixotropic and solidlike behavior, which guarantees the favorite application condition of these special environmental friendly coatings over vertical substrates without any sagging at sufficient thicknesses.
Experimental
Materials
Two different types of layered silicates, commercially purified and organically treated montmorrilonite (MMT), were used. The first one was methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium modified MMT (Cloisite 30B, referred to as C30B) with cation exchange capacity (CEC) of 90-95 meq/100g [26] . The second one was octadecylammonium bromide modified MMT (NANOMER I.30E, referred to as I.30E) with CEC of 145 meq/100g [27] .
The liquid epoxy resins used in this study were diglycidyl ether of bisphenol A (DGEBPA) (Epon 828) from the Shell Chemicals. The chemical structures of epoxy resin are shown in Figure 11 . In the formula of Figure 11 the n value is [n=0 (88%), 1 (10%), 2 (2%)]. The epoxy equivalent weight (EEW) of the epoxy resin was about 190 g/mol. The synthesis, physical, chemical properties and potential applications of the DGEBPA based epoxy resin in the nanocomposites have been reviewed [28] [29] . 
Sample preparation
-High shear mixing method
The DGEBPA resin was slowly heated up to 50 ˚C and then the desired amount of clay was gradually poured into the resin while stirring. Then the mixture was held at 70-80 ˚C and stirred at 2500 rpm for 2.5 h with high shear mixer. To degas, a vacuum oven was used (at 80-85 ˚C for 30 min) and the foam of tiny bubbles were removed at higher clay loadings.
-Ultrasonic dispersion method Six samples of above mixed compositions containing clays and resin was sonicated with a high powered sonication instrument (UP 400S made by Heischler Company) for 120 min. During ultrasonication, the power of sonication was gradually raised while maintaining the temperature of the mixture at 50-60 °C by placing the reaction vessel in a cool water jacket. The sonicated compositions containing 0, 3, 4, 6 and 8 wt% of CLOISITE 30B in epoxy resin were known as NR, 3C30BSON, 4C30BSON, 6C30BSON, and 8C30BSON respectively. The sonicated composition containing 3 and 6 wt% of Nanomer I.30E was 3I.30ESON and 6I.30ESON. For the comparison of the effect of sonication on the rheological properties, we used two direct mixed and unsonicated compositions containing 3 and 6 wt% of CLOISITE 30B in resin known as 3C30BUN and 6C30BUN.
Characterizations
To determine the degree of dispersion, three stages analyzing of the compositions were utilized: (I): Sedimentation test (II): Optical microscopy and (III): X-ray diffraction (XRD).
-Sedimentation test
Sedimentation was visually observed for the mixtures that were held at 135 ˚C for nearly 25 min [30] .
-Optical microscopy
To investigate the clay dispersion at microscale, optical micrographs of compositions were acquired using a Leica DMR microscope coupled to video camera optical model 4083.6 image capture software, with 40× magnification.
-X-ray diffraction
The degree of swelling and the interlayer distance of the clay in the compositions were determined by XRD. These analyses were performed using a Philips model X'PERT MPD X-ray diffractometer with CuKα radiation (λ = 1.5401 A°) operating at 40 kV and 40 mA. Diffraction patterns were obtained from 2θ range of 0.5 to 10° at a rate of 1 °/min and the step size was 0.02. The structure of the clay was determined at the first stage of the nanocomposite synthesis. Analyses of the organoclay swollen in the epoxy resin were performed by spreading the mixture on a disc, as a holder. The holder prepared a maximum surface to irradiate at low angle, which gave an optimum intensity to the XRD signal.
-Rheological Measurements
Rheological measurements were conducted in an oscillatory mode on a rheometer (Paar Physica) equipped with parallel plate geometry. Dynamic viscoelastic functions (G', G") of the compositions containing resin and modified layered silicates were measured as a function of frequency at small strains in the linear regions. In the linear viscoelastic measurements, the small amplitude oscillatory shear (SAOS) of nearly 0.01 was applied. To avoid polymerization reaction during experiments, the measurements were taken in the absence of hardener. The liquid resin/clay blend was poured between two parallel plates of 50 mm diameter so that the sample reached a thickness of 0.5 to 1 mm. Initial strain sweeps were carried out to confirm that the following dynamic data was obtained from the viscoelastic region. Dynamic strain-and frequency sweeps were run at 26 °C. The frequency sweeps were run using strain values from the linear viscoelastic region at angular frequencies (ω) of 0.01-1000 S -1 . 
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